I. Introduction
In this article and its companion, we report on our studies of various factors controlling the output efficiency.in the photovoltaic mode of thin films of a merocyanine dye sandwiched between Ti0 2 and Au.
The electrical properties in the dark and the kinetic effects associated with the photoconductive response are discussed in this paper.
The following paper deals with the photovoltaic effects as well as the possibilities of doping the merocyanine film with electron acceptors and the ___ effects of mult i 1 ayers.
There have been a number of reports in the literature of studies of organic photoconductive compounds in the photovoltaic mode where a thin (0.1-1. 0 ]..1m) p-type organi c photoconductor is interposed between two metal s of different work functions (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) . The high work function metal forms an ohmic or injecting electrode, and the low work function metal forms a barrier contact. Kearns and Calvin reported a photo-voltage of 200 mV for a sandwich structure of Mg-phthalocyanine coated with N,N,;N',N'-tetramethyl-pphenylenediamine with conductive glass as electrodes (12) . Fedorov and Benderskii investigated Mg-phthalocyanine films sandwiched between Al and Ag contacts (5) . They proposed a p-n junction model, formed by the replacement of Mg with Al in the dye-metal complex during heat treatment. They also reported dramatic changes in the photoconductive and photovoltaic properties when the films were doped with oxygen, with efficiency increases of one to three orders of magnitude for doped cells relative to the undoped ones.
Ghosh et~. later reported studies of similar devices (4) . Their results indicated the format.ion of a Schottky barriel' at t.he 10\'1 work function met.a 1. The same l~lechani SIl1 has i)een supported by the resul ts of Tang and Albrecht (2), Merritt and Hovel (6), Kampas and Gouterman (8) , and Fan and Faulkner (9) working on sandwich devices incorporating chlorophyll-a, 8-hydroxysquarylium, porphyrin derivatives, and phthalocyanines, respectively. Morel et ale (10) and Gho~h and Feng (11) in sandwiching merocyanine films between Al and Ag electrodes found higher efficiencies for cells which were exposed to air to enable an oxide layer to form prior to the deposition of the dye film. Their cells therefore had many of the characteristics of metal-oxide-semiconductor cells.
We have chosen a somewhat different approach in employing organic compounds in photovoltaic cells. It lies more in the tradition of photosensitization and the device could perhaps be called a dye-sensitized photovoltaic cell. Dye sensitization of semiconductors is well known from the photographic science literature (13) (14) (15) (16) (17) . In recent years, a considerable amount of work has been done on photosensitization of wide band gap semiconductors by organic dyes adsorbed to the surface of the semiconductor (18, 19) .
The basic process of photosensitization of concern in the present work consists in the generation of a photocurrent on absorption of photons of energy less than the band gap of the semiconductor by monolayers or multilayers of dyes adsorbed onto the surface. A dye molecule adsorbed onto the surface of a semiconductor such that its highest occupied molecular orbital lies somewhere in the band gap and the lowest unoccupied molecular orbital somewhere above the bottom edge of the conduction band has the ability to photosensitize the semiconductor. This occurs via tunneling of an electron from the photoexcited dye molecule into the conduction band of the semiconductor where it can be drawn away by an appropriate electric field.
In this Inanner, one may be able to extend the photosensitivity of the semiconductor to longer wavelengths.
The present report is concerned with detailed studies of the trapping of mobile charges in the bulk of the merocyanine film and at the interfaces by means of measurements on forward current-voltage characteristics, transient effects, and by the kinetics of the photoconduction response. III addition, the C-V characteristics were also studied.
II. Experimental
The merocyanine dye used in these experiments ( 
B. Reverse Breakdown
The large increase in conductance with applied voltage in the reverse direction beyond the I breakdown I voltage of about 0.7 V (Fig. 3 ) is similar to that of a Zener diode for semiconductor devices (27) . In semiconductor As the circuit was connected in the dark, we observed a dark current discharge. Since the cells were prepared in room light, the discharge is most likely due to the release of trapped photo-excited charges. When light is turned on, most cells reached a steady state level in a few seconds and could generate a photo-current for more than an hour with no appreciable decl ine. Some cell s showed a sl ightly more compl icated behavior in that they exhibited a slow decrease in the photocurrent of approximately 20% over about an hour after reaching a peak in a few seconds. The new level was stable within a few percent for several hours. All cells exhibited long-term decay. After being stored und~r ambient atmospheric conditions for 2-3 days, the photocurrent was usually lowered to 60-70% of its initial steady state val ue. Hie exact val ue varied from cell to cell and \Ias dependent on the ce 11 hi story. At higher light intensities (greater than 10 mW/cm2) the initial decay is faster but the long term history of the cell did not appear to be affected. The long term deterioration therefore appears to be connected to oxygen effects rather than photocurrents. All our reported measurements are taken with low monochromatic intensities ('VO.l mW-cm-2 or 'Vl014 photons-crr;2 -sec-I) and only steady state values are reported. The excitation wavelength 520 nm was close to the peak of the merocyanine absorption.
The Ti0 2 crystal, with a band gap of 3.0 eV was itself transparent in this region.
Kinetics of Photoconductivity
. Upon bringing the photo-current to a steady state level, there is a rapid initial rise followed by a slow rise of the order of seconds (Fig. 9) . When the light is turned off and the decay in the dark is analyzed, it is found that the initial rate of decay is high but that it decreases rapidly during th~ first few tenths of a second, becoming a constant for the remainder of the process. The decay is slower at a lower temperature (Fig. 10) . The initial fast decay is of the first order (Fig.   11 where n is the concentration of positively and negatively charged carriers, and k is the rate constant (in units of cm3-sec-1~carrier~1). Upon integration, we obtain lin = Kt + constant and for large t the constant can be ignored. Since the photo-current is proportional to the concentration of carriers, we arrive at equation 2.3.
The rate constant, as measured by the slope of the l/J versus t curve is essentially independent of the magnitude of the initial photocurrent for a reduction of about a factor of two. It increases slightly for initial photocurrents reduced by an order of magnitude or more.
Temperature dependence of photoconductivity
The steady state photocurrent rises with increasing temperature. The If both electrons and holes are generated, the response of a photoconductor \,/i11 be daninated by the majority carriers, the carriers with the highest mobility time. Since the merocyanine dyes are known to exhibit p-type conductivity (21) , it is reasonable to suggest that we can ignore the effect of the electron traps in determining the effect of traps on photoconductivity. Using the relationships in 4.1, we can then write for the relationship between the density of trapped (P t ) and free (P) holes, that where the specimens are polycrystalline or amorphous, the overall transport process will be that appropriate to a localized carrier treatment.
The hopping model of conductivity considers carrier motion proceeding directly from one localized state to another based on the quantum mechanical transition between localized sites (36) . In molecular solids, the excitation tends to remain localized. Therefore, the generation of free carriers involves both external electric fields and internal attractive coulomb fields.
The necessity for considering hopping as a mechanism for charge carrier motion arises from considerations of the mean free path in organic solids. A carrier of effective mass m* and mobility ~ has a mean free path L given, at ordinary temperatures, by the approximate relation (37)
~where mo is the free electron mass and the units of mobility are
cm -0 t -sec • In most molecular so 1 s va ues 0 ~ are genera y than 5 cm 2 -Volt-1 -sec-1 , so that the mean free path, calculated from o less mobility data, is then of the order of 0.1 to 1 A • This is appreciably less than the lattice spacing in a molecular crystal. It then becomes questionable whether the band theory notion of a mean velocity of the carriers can be applied.
The idea that band theory may be applied to organic materials in the form of pure single crystals is, however, supported by data presently available (38) , although its applicability to poly-crystalline and amorphous molcular crystals remains questionable. Energy levels under short circuit current condition 
